microRNAs are small non-coding RNA molecules playing a central role in gene regulation. miRBase is the standard reference source for analysis and interpretation of experimental studies. However, the richness and complexity of the annotation is often underappreciated by users. Moreover, even for experienced users, the size of the resource can make it difficult to explore annotation to determine features such as species coverage, the impact of specific characteristics and changes between successive releases. A further consideration is that each new miRBase release contains entries that have had limited review and which may subsequently be removed in a future release to ensure the quality of annotation. To aid the miRBase user, we developed a software tool, miRBaseMiner, for investigating miRBase annotation and generating custom annotation sets. We apply the tool to characterize each release from v9.2 to v22 to examine how annotation has changed across releases and highlight some of the annotation features that users should keep in mind when using for miRBase for data analysis. These include: (1) entries with identical or very similar sequences; (2) entries with multiple annotated genome locations; (3) hairpin precursor entries with extremely low-estimated minimum free energy; (4) entries possessing reverse complementary; (5) entries with 3ʹ poly(A) ends. As each of these factors can impact the identification of dysregulated features and subsequent clinical or biological conclusions, miRBaseMiner is a valuable resource for any user using miRBase as a reference source.
Introduction
MicroRNAs (miRNAs) are a class of non-coding small RNAs with an average length of~22 nucleotides [1] . They posttranscriptionally regulate gene expression in both animals and plants [2, 3] via binding to the 3ʹUTR (untranslated region) of mRNAs, but some miRNAs can also regulate the expression of other miRNAs [4] and even themselves [5] . While there are multiple pathways by which miRNAs can be produced [6] , they are most commonly generated via the canonical Drosha/Dicer pathway. This begins with transcription of a primary miRNA (pri-miRNA) that is cleaved into precursor hairpin (pre-miRNA) sequences. These pre-miRNAs are subsequently exported from the nucleus to the cytoplasm where they are cleaved by Dicer into a duplex of approximately 22 nucleotides. One (or both) of the strands is then loaded into the RNA-induced silencing complex (RISC) and guided to target one or more mRNAs [7] .
With the identification of the regulatory potential of miRNAs, it was proposed that they should be defined in terms of a set of expression and biogenesis criteria [8] (1) expression criteria: detection of the miRNA-like transcript in a cDNA library and a hybridization experiment; (2) biogenesis criteria: a stable (i.e. a low free minimum energy (MFE)) predicted hairpin precursor structure; (3) accumulation of precursors under the condition of Dicer knockout or inhibition.
MiRNA annotation in miRBase
The miRNA registry represented the first attempt to collect miRNA data in a single location [9] , and was subsequently developed into miRBase [10] [11] [12] [13] [14] [15] to catalogue miRNA annotation (i.e., sequence and, when appropriate, genome location), pre-miRNA related hairpin sequence and supporting experimental evidence in a standard format. However, there remains variation in the quality of entries and different interpretations as to what defines a miRNA. Consequently, there have been several attempts to produce new reference sources. Some of these (e.g. RNAcentral [16, 17] and miRCarta [18] ) attempt to extend the existing annotation, whereas others (e.g, MirGeneDB [19] ) attempt to refine annotation by classifying entries as either true positives or false positives according to a range of different criteria. However, the relative merits of these different criteria are an ongoing discussion as each can produce misclassification of miRNAs that are known to be functional. Moreover, as these analyses focus on a specific release of miRBase, this makes it difficult to compare findings. However, all of these approaches rely on miRBase for source annotation and the resource remains the most widely used and highly cited miRNA repository with more than 15 000 citations to date.
Thus, there is no straightforward way for a researcher to (i) compare his or her findings with studies using a different annotation repository, or (ii) generate a custom annotation set, for example, removing potentially less reliable new entries that only have passed the first stage of review by the miRBase team. Consequently, users generally use the full annotation set in their analysis. Another point is the impact of using different versions of miRBase. For example, the various releases of the Affymetrix miRNA GeneChip print a full miRNA release on their arrays and Exiqon offer miRCURY™ LNA™ microRNA ISH Detection Probes for all miRBase entries. Also, the miRQC study [20] , which compared reproducibility and detection amongst different miRNA detection technologies, used three different versions of miRBase but failed to consider, for example, sequence differences that may exist among common entries across all three miRBase versions.
MiRNA nomenclature miRBase entries generally follow a standard nomenclature, although this has evolved over time and with subsequent releases. The current miRNA nomenclature scheme is summarized in Figure 1 (a). An entry name comprises a series of fields. The first three fields provide progressively more specific information: Field 1 is a three-to seven-letter code prefix indicating the species; Field 2 may be set to 'miR' or 'mir', corresponding to a miRNA and hairpin precursor entry, respectively; Field 3 is usually a numeric identifier. (in plants, field 2 and field 3 are not separated by a hyphen). Additional fields are used to indicate: (i) entries with identical mature sequence but different parent hairpin precursors (numerical); (ii) the same mature sequence from the same hairpin precursor sequence but at a different genome location (lower case letter); (iii) a 5p/3p suffix to specify the arm of origin. In earlier miRBase releases, a '*' was used to indicate the miRNA was the minor product of the precursor maturation process and not functional. However, as product from both arms has been subsequently shown to be functional [7] this suffix is gradually being retired from miRBase, although its usage continues in the literature [21] [22] [23] [24] [25] [26] . Additionally, the species code has been modified over time to reflect changes in the accepted species name; for example, the species code for Capitella teleta (NCBI-taxid: 283909) was updated from cap to cte in version 15 (to reflect the change from 'Capitella sp' to 'Capitella teleta' as the commonly accepted name). Similarly, Merkel cell polyomavirus (NCBI-taxid: 493803) was changed from mcv to mcpv in version 22.
Tracking changes in miRBase
Understanding the changes that have occurred between successive miRBase releases provides insight into how the resource has evolved. The current miRBase release includes a 'change log' for each hairpin precursor summarizing the Figure 1 . (a) Schematic of miRNA nomenclature used in miRBase release 22. Each entry contains the following fields delimited with a hyphen: (1) three to seven letters indicating species; (2) miR/mir indicating miRNA and miRNA hairpin precursor, respectively; (3) numeric suffix that is assigned sequentially to new entries (in plant miRNAs there is no hyphen delimiter between this field and the species field). Additional letters indicate mature miRNA sequence is shared by entries with the same numeric suffix, and additional numbers indicate miRNA is generated from different hairpin precursors; (4) 3p/5p indicates from which arm of the hairpin precursor the miRNA was generated. (b) Overview of content in successive releases of miRBase (Y-axis corresponds to miRBase releases from 9.2 to 22). Left: Bar plot showing number of annotated species (X-axis) in each miRBase release. Middle: heat map of number of miRNA entries for the 26 species with more than 500 entries in miRBase v22. X-axis corresponds to the 26 species, ordered by total number of miRNAs for each species. Only a few species contain a large number of miRNAs (in red); Right: Bar plot showing total number of miRNAs entries summed over all species (X-Axis). (c) Sequence length distribution of miRNAs from the 26 species in (b). The average miRNA length is 21~22 nucleotides but many entries are shorter or longer than this. change history across releases for that entry. However, this feature is not yet available for miRNAs and the information is only available via the ftp site and is not amenable to visual inspection. Third party tools are also available to help users investigate changes. miRBase Tracker [27] , miRsystem [28] , miRiadne [29] , miRBaseConverter [30] , miRNAmeConverter [31] and miRBase Tracker [27] investigate changes between releases to provide identify nomenclature inconsistencies and sequence changes in updated releases. However, they do not provide more comprehensive details for each change.
Motivation miRBase is the standard reference for miRNAs. However, many users underappreciate the richness and complexity of the annotation or consider how it may impact their data analysis or experimental design. While there are several publications that report specific annotation characteristics, there is no single publication that provides an integrated overview. Additionally, each new release contains many additions, as well as removal or revision of existing entries. As different technologies and analyses may use different versions it is important to readily aware of the changes between versions. However, as the resource has grown, it is becoming more difficult to track these changes by examining annotation files, for example, to determine the possible impact of using two different miRBase versions. Currently, there is no way to explore the resource in an automated way to examine specific features or subsets of the annotation. To this end, we developed miRBaseMiner.
Results
MiRBaseMiner, a python package for investigating miRBase annotation content miRBaseMiner is a Python pipeline, with accompanying R scripts for data visualization. Using miRBaseMiner, a user can specify a range of miRBase versions to be investigated and the pipeline will download the associated annotation files from the miRBase website. These data can then be used to characterize and compare versions from the following perspectives: (1) basic features of miRNAs and hairpin precursors, such as sequence length and number of annotated entries; (2) estimated minimum free energy (MFE) distribution; (3) nucleotide composition pattern at the 5ʹ and 3ʹ ends of miRNA sequences; (4) sequence similarity; (5) reverse complementary; (6) annotated genome coordinates. To demonstrate usage and to gain a more comprehensive understanding of miRBase content, we used miRBaseMiner to investigate miRBase annotation in successive releases from v9.2 to 22, the current release.
Overview of miRBase
The evolution of miRBase releases in terms of species content and number of entries is summarized in Figure 1 Supplementary  Figure 1 ). Supplementary Figure 2 shows a word cloud representation of species abundance in terms of miRNA entries. Homo sapiens, Mus musculus, Gallus gallus, Monodelphis domestica and Bos taurus are the five most annotated species with more than 1000 miRNAs. Only 45% of species are annotated with more than 100 miRNAs.
MiRNA length range
Figure 1(c) shows the miRNA length distribution for all species that have more than 500 annotated miRNAs in release 22. The peak of the length distribution is 21 or 22 nucleotides for most species, but there are some exceptions such as cin: (Ciona intestinalis, NCBI-taxid: 7719, total miRNA count:550) which has a peak at 20 nucleotides. Also, even when a species has a maximum at 21 or 22 nucleotides, there are many miRNA entries that are longer than 25 nucleotides, such as hsa-miR-7161-3p/MIMAT0028233 (28 nucleotides) and mmu-miR-7222-5p/mmu-miR-7222-5p (27 nucleotides). The longest entry in miRBase 22 is hco-miR-5971/MIMAT0023478, with a length of 34nt, the shortest entry is 15 nucleotides (e.g. mmu-miR-7238-3p/MIMAT0028445). The shortest human entry is 16 nucleotides (eight entries, e.g. hsa-miR-4279/ MIMAT0016909).
As miRNAs longer than 26nt [32] are dismissed as false positives by many studies [33] , we also considered the high confidence set of human miRNAs released by miRBase and found this also contains a length range of 18 to 28nt. Moreover, MirGeneDB, which performs the most conservative filtering of miRBase entries by only retaining miRNAs that are conserved across species, contains miRNAs with a length range of 20 to 27. Table 1 shows the different windows used for miRNA length in various studies. The lack of consensus among the studies highlights the challenge associated with defining miRNAs based on length range.
Characteristics of precursor hairpin entries in miRBase
Although the hairpin precursor entries in miRBase are generally based on secondary structure predictions and not necessary representative of the true pre-miRNAs, they are commonly used as references for applications such as knockout studies or positive data for pre-miRNA prediction tools. We therefore examined the properties of these precursor hairpin entries.
In the miRNA biogenesis model, a single hairpin will generate one mature miRNA from both the 3p and 5p arm of the pre-miRNA. However, there are cases where the same miRNA is generated from more than one pre-miRNA, either from an identical pre-miRNA sequence found in two genome locations, or from two distinct pre-miRNAs [48] . In this case, multiple pre-miRNAs generate a single identical miRNA. This can be relevant in a biological context; for example, when trying to knock down a pre-miRNA, as it is important to ensure the correct pre-miRNA is being targeted.
A stable hairpin structure for the pre-miRNA is a prerequisite for miRNA maturation [49, 50] . The estimated minimum free energy (MFE) is a widely used measure of the stability of RNA secondary structure [51] and miRNA precursors have a considerably lower MFE compared to predicted secondary structures of transfer RNAs and ribosomal RNAs [52] .
Since Homo sapiens (hsa) and Mus musculus (mmu) are the two most abundant species in miRBase, we investigated the MFE distributions of their hairpin precursors. While there is no obvious trend between average MFE across all entries and miRBase release, there is a gradual decrease in average stability of entries from version 9.2 to 22 for both of these species ( Supplementary Figure 4 ), together with a reduction in mean sequence length and increase in mean GC content. Finally, the MFE index [53] has increased slightly both in human and mouse precursors in recent releases ( Supplementary Figure 4) . These variations may be a consequence of relaxation of what represents a stable structure [54, 55] . The variation is not an indication of any annotation error, but any analysis based on these entries should correct for these variations.
A set of miRNAs contain poly(A) at their 3ʹ end MirBaseMiner can also investigate sequence composition in miRBase entries. This can be useful for experimental design and data processing. For example, Poly(A) tailing is a method used in library preparation for small RNA sequencing [56] and the presence of 3ʹ adenosines in the miRNA sequence can confound the read trimming step in Next Generation Sequencing (NGS) studies. In miRBase v22, 11,213 out of 48,885 miRNAs terminate with an A in their sequence, and 109 of these have a 3ʹ AAAA tail, including four human miRNAs (hsa-miR-1468-3p/MIMAT0026638, hsa-miR-5009-3p/MIMAT0021042, hsa-miR-559/ MIMAT0003223 and hsa-miR-6128/MIMAT0024611) and one mouse miRNA (mmu-miR-691/MIMAT0003470). Moreover, two mouse miRNAs, mmu-miR-706/ MIMAT0003496 and mmu-miR-7116-5p/MIMAT0028129, have AAAAA 3ʹtails. The presence of these poly(A) miRNAs should be kept in mind when performing adapter trimming on sequencing reads generated from poly(A) based library kits enrichment method and when interpreting downstream analysis results.
How entries change between successive miRBase releases
In addition to adding newly identified miRNAs, each new miRBase release also contains updates to existing entries based on new evidence (commonly deep sequencing datasets). Updated entries in a new release are placed within one or more of four categories: (1) NEW: newly added entries; (2) DELETE: entries in previous release removed from current release; (3) SEQUENCE: sequence of entry updated; (4) NAME: entry name affiliated with unique accession ID is updated. These changes are specified in the 'miRNA.diff' file (available from the miRBase ftp site) that accompanies each miRBase release (after miRBase v3.1). Using miRBaseMiner to parse the update files for releases 9.2 to 22, we obtained an overview of the type of updates that defined each new release in terms of these four categories. The frequencies of these four update categories are summarized in Figure 2 (a), for annotation in human and mouse from miRBase v9.2 to 22.
Sequence changes between successive releases
Every miRBase release has been accompanied by sequence modifications in existing entries across multiple species. We used miRBaseMiner to obtain a summary of the sequence changes that occurred in human and mouse from miRBase release 9.2 to 22. The results are shown in Figure 2 5ʹ changes (nine human miRNAs and eight mouse miRNAs in miRBase 22, Figure 2 (b)) are more functionally significant as they change the miRNA seed sequence, which plays a critical role in targeting [57, 58] . miRNA targets are commonly based on computational predictions and these in turn depend on the miRBase release on which the predictions are based. While the numbers of changes are relatively few compared to the total number of miRBase entries in our chosen species, they become relevant when occurring in an entry that has been previously identified as being of significance in a study. For example, hsa-miR-146b-5p/ MIMAT0002809 gained a 3ʹ nucleotide extension between version 21 and 22, despite being associated with regulatory roles in leukemogenesis [59] and atherosclerosis [60, 61] and has been patented for treatment and as a diagnostic biomarker [62, 63] . These findings were based on microarray and RT-PCR experiments, which in turn are dependent on miRNA sequence. There are also many cases of deleted miRNAs being reported in studies, for example, hsa-miR-4520b-5p/ MIMAT0020299, hsa-miR-3669/MIMAT0018092 and hsa-miR-3673/MIMAT0018096 were removed in version 21 (released June 2014) but have been subsequently reported in miRNA studies published after this date [64, 65] . Finally, hsamir-941-1/MI0005763, hsa-mir-941-2/MI0005764, hsa-mir -941-3/MI0005765 and hsa-mir-941-4/MI0005766 had sequence changes in miRBase version 16 and again in version 20. A full list of changes in human and mouse miRNAs and hairpin precursor sequence annotations from version 9.2 to 22 is given in Supplementary Table 11 .
A subset of entries can add additional complexity to miRNA studies One of the most common applications of the miRBase annotation is miRNA expression studies. These studies typically apply microarray or NGS technology to identify differentially expressed miRNAs (or additionally, in the case of NGS studies, seek identification of novel miRNAs). Individual findings are then verified by techniques such as qPCR. However, certain annotation features should be considered in these analyses and subsequent experimental studies. In particular, users need to be aware of entries that share common or highly similar sequences, as mapping settings in the mapping software (such as allowed number of mismatches and how to share reads across equivalent locations) can affect how reads are counted across features sharing identical or highly similar sequences. From a biological perspective, downstream studies such as sequencing of flanking regions can be problematic as identical miRNAs may differ in these regions.
A set of miRNAs share full-length identical sequences The philosophy behind miRBase is that each miRNA is associated with a sequence, and the genomic location and sequence together represent a unique entry. However, when two or more than two miRNA entries have distinct names, accession numbers, and genome locations but identical sequence, they will be indistinguishable both from a functional (i.e. targeting) and discovery perspective and users should be aware of this when mapping reads to reference sequences. Zhao et al. [66] identified 38 distinct human miRNA entries annotated with 15 unique sequences in miRBase 21. We therefore used miRBaseMiner to search for the presence of similar entries in versions 9.2 to 22 for human and mouse annotation. The results are summarized in Figure  3 Sequence duplication is present in both human and mouse annotation and the current release contains 16 unique sequences shared by 40 human miRNAs, and 12 unique sequences shared by 27 mouse miRNAs. Sequence duplication also occurs in hairpin precursor entries in both human and mouse annotations. A full list of sequence degenerate miRNAs and hairpin precursor is given in Supplementary Table 6 . This is not an annotation problem, but users should keep these entries in mind when analysing and interpreting miRNA data, particularly in the context of NGS experiments.
Overlapping sequences among miRNA entries An additional potential challenge is that longer miRNA entries can overlap shorter miRNAs. This is significant for the same reasons as abovesequencing mapping tools will not be able to uniquely place a read that is a perfect match to a miRNA that is a subsequence of a longer miRNA. For example, the sequence read 'AAAAGUAAUUGCGGUCUUU' is a perfect match to hsa-miR-548ap-5p/MIMAT0021037 (AAAAGUAAUUGCGGUCUUU -19 nucleotides) but is also a perfect match to hsa-miR-548j-5p/MIMAT0005875 (AAAAGUAAUUGCGGUCUUUGGU -22 nucleotides). This problem is further exacerbated by the presence of isomiRs [67] ; although miRBase does not currently consider isomiRs, from a sequence perspective, hsa-miR-548ap-5p/ MIMAT0021037 and hsa-miR-548j-5p/MIMAT0005875 can also be considered as isomiR variants rather than distinct miRNAs. This problem arises for the same reasons as outlined above for the degenerate families and, while renaming conflicting entries would solve the problem, this would make it difficult to link results using old and new names. Thus, any read mapping step needs to consider the possibility of overlapping entries. The exact way in which this issue is handled depends both on the mapping tool and the selected parameters, and will accordingly lead to different read counts, possibly impacting the subsequent interpretation of results.
A list of overlapping human miRNAs is summarized in Supplementary Table 7 and 8.
The similarity of mature miRNAs in miRBase
We also used miRBaseMiner to calculate and visualize the similarity of miRNA/hairpin precursor sequences in miRBase for human and mouse, respectively, by calculating the pairwise Levenshtein distance [68] between all miRNA sequences and hairpin precursor sequences in release 22. The graphs for human and mouse are shown in Figure 3 C&D for Levenshtein distances up to three nucleotides (the maximum number of mismatches allowed by the bowtie mapping tool [69] ).
Each node in the network graph represents a miRNA or pre-miRNA, with the colour of each edge indicating the relationship between two nodes and a darker edge (in blue or green) indicating higher sequence similarity. The nodes that are highly connected by blue edges represent highly similar miRNAs/hairpin precursors. Nodes connected by green edges correspond to highly similar hairpin precursors and form more isolated networks. An interesting feature of both graphs is the red edges that connect miRNAs with their pre-miRNAs. Rather than forming isolated networks centred on a specific hairpin precursor, there are hairpin precursors/ miRNAs that form interconnected networks. The graph also reveals that miRNAs can originate from more than one hairpin precursor.
The Levenshtein graphs for human and mouse are quite distinct. In human, similar hairpin precursors form multiple local networks, whereas the mouse network contains two large clusters of similar precursors networked with mature miRNAs. In both graphs, the clustered miRNAs originate from host-specific miRNA families. For human, hsa-subNet -1 is associated with the mir-548 family. For mouse, mmu-subNet-1 is a mixed network primarily containing two subclusters of mir-466 and mir-467 family members that are connected by precursors mmu-mir-467a and mmu-mir-669a, respectively. The overlapping miRNAs described in the previous section will not be captured completely by the Levenshtein graph if there is a total of more than three additional nucleotides beyond the overlapping region. While the origins of these differences in the primary differences between the two graphs are understood, if not taken into account then they have the potential to produce distinct effects during the mapping step.
Some miRNA pairs share reverse complementarity
As miRNAs entries for human and mouse are almost equally distributed on the forward and reverse strands, a mapping tool must search both strands of a reference genome. However, Zhao et al. [66] reported nine pairs of human miRNAs in miRBase 21 that are share reverse complementarity (RC). For example, hsa-miR-4433b-5p/MIMAT0030413 and hsa-miR-4433a-3p/MIMAT0018949 are annotated on opposite strands at chr2:64,340,809-64,340,829. A mapping tool cannot assign a definite location in this situation as a read will be randomly assigned to either strand, leading to potential read counting problems for the RC pair. RC miRNAs were identified in miRBase as early as version 5.0 and 6.0 when two entries, hsa-mir-104/MI0000110 and hsamir-108/MI0001432, were removed by miRBase due to reverse complementary to other annotated entries. Based on this and Zhao's findings, we analysed miRBase releases from v9.2 to v22 and identified an additional RC miRNA pair in release 22 for hsa-miR-7-5p/MIMAT0000252 (see Supplementary Table  3 ) as a consequence of a sequence change. Detailed information for these miRNAs in miRBase 22 is given in Supplementary Table 3 , and a full list of RC pairs in all species and versions are given in Supplementary Table 9 and Supplementary Table 10 . Palindrome could not be fully explained by the reverse complementary entries listed in Supplementary Table 3 .
We extended the analysis to all species in release 22 and found a total of 108 RC miRNAs in 17 species (including human) but, surprisingly, did not detect any RC miRNAs in mousesee Supplementary Tables 9 and 10 . Moreover, we found reverse complementarity in hairpin precursors in miRBase 22 (12 RC human hairpin precursors and 3 RC mouse hairpin precursors). It has been shown that two distinct miRNAs can be driven from both forward and reverse strands of same genome location [1] , which is the cases for the majority of these 108 miRNAs.
A group of miRNAs are missing or have multiple genome coordinates Although a miRBase miRNA entry should contain sequence, genome coordinates and supporting evidence as minimal information, there are some entries lacking coordinate information and these miRNAs will not be profiled in approaches that map to a reference genome. In some cases, e.g. hsa-mir -378g/MI0016761, the entry previously had coordinates, but they were removed in the most recent releases (see Supplementary Table 4 ). This situation usually arises as the result of accumulation of deep sequencing data and an updated genome assembly. If a hairpin no longer maps to the new assembly, miRBase attempts to locate the new locus and update annotation accordingly. In the event, the new locus cannot be identified, and it appears that the region is missing in the new assembly, the coordinates will be removed. However, since the entry was present in the original assembly, it is unlikely it really is absent and, in general, it will be retained. However, there are some entries that had genome coordinates removed between versions despite using the same release. Additionally, there is a set of miRNAs and hairpin precursor entries that have multiple genome locations. Although this is biologically feasible, as these are present as paralogs that are processed to produce the same mature sequence, this can also be a problem when mapping to a reference genome, depending on the mapping tool [70] . There are 169 human miRNAs in this category, with the most extreme case occurring for hsa-miR-1302/ MIMAT0005890 with 11 annotated locations (i.e., identical accession number and name, but unique id). Both these effects occur for many different species. Release 22 also contains four hairpin precursors (three in human, one in mouse) with multiple coordinates. A full list of entries in these categories is given in Supplementary Table 12 . Biologically, the presence of these multiple loci not surprising, but could represent a potential issue for both biologists in the wet lab and bioinformaticians working on sequencing data, and additional checks should be made to ensure these expression levels for these miRNAs are being correctly counted.
High confidence miRNA sets miRBase provides a high confidence subset of hairpin precursors and miRNAs to represent entries that are most strongly supported by experimental evidence from NGS studies [14] (i.e., the datasets considered by miRBase) and which meet certain other criteria. These criteria include a requirement that reads must be present on both arms of a hairpin, and the hairpin has an MFE < −0.2 kcal/mol/nt.
The set of high confident entries is also dynamic, with additions and deletions within each new release as new evidence is accumulated. We therefore used miRBaseMiner to inspect and visualize these changes. The results are summarized in Supplementary Figure 8 . In particular, there is a set of entries that were annotated as high confident in version 20, removed in version 21, and then added back in version 22. For example, hsa-miR-3157-3p/MIMAT0019210 was annotated as high confidence in miRBase 20 and 22, but not in release 21. This high confidence entry 'hopping' between versions is likely to be a consequence of (1) updates to high confidence annotation criteria and (2) an increased number of datasets [15] . Thus, while there are a total of 3298 distinct hairpin precursors across the three releases, only 925 (231 human hairpins) are present across all three releases. In addition, the high confident annotation also contains entries with characteristics such as reverse complementary and missing genome coordinate (see human annotation in Table 2 , and mouse in Supplementary Table 5 ). A complete list of the history of high confident entries across all available releases is given in Supplementary Table 13 . Once again, these are not annotation issues, but factors that users should be aware of when selecting an annotation set and performing their analyses.
Impact of annotation set on differential expression analysis logFC (log fold change) and FDR (false discovery rate, adjusted p-value) or p-value are commonly used for selecting significant differentially expressed miRNAs between two conditions . While multiple studies have examined the effect of various differential analysis tools on outcome, there has been no investigation of the effect of different miRNA annotation sets. We therefore selected and analysed a small RNA sequencing dataset using a standard analysis pipeline (miRDeep2 [75] and edgeR 3.18) with four different annotation reference sets (miRBase 21, miRBase 21 high confidence, miRBase 22 and miRBase 22 high confidence). These results are summarized in Supplementary Figure 11 . While a difference in the total number of miRNAs in the reference set has a minor impact on logCPM and logFC values, a large difference impacts both the p-value and FDR. Thus, significant differences were observed in the sets of identified differentially expressed miRNAs between healthy and disease state in all pairwise comparisons of annotations, with the exception of miRBase 21 versus miRBase 22. Hence, caution is required in interpreting DE analysis results and comparing results among different studies.
Discussion
Introduction miRNAs are one of the most widely studied non-coding RNA features, with more than 80 000 related entries in PubMed as of April 2019. The majority of studies focus on identifying miRNAs that are dysregulated between conditions and determining the impact of this dysregulation by prediction of their targets. A key part of these studies is access to reliable information about sequence and genome location and miRBase has evolved to become the standard reference source. However, many users fail to appreciate the complexity and richness of the annotation and how it may impact experimental design or data analysis. In particular, miRBase is a dynamic resource with addition, removal and revision of entriesfor example, in release 22, the annotation for miRNAs from mir-566, mir-1273, mir-4419 and mir-6723 families are removed [15] . Additionally, as the resource has grown, more effort is required to understand how specific features or annotation change between releases.
There have been various reports that have investigated miRBase annotation and which have provided updated annotation sets [48, [76] [77] [78] . However, these have focused on annotation within a specific release and have not considered how the resource has changed across multiple updates. In this report, we introduce a tool, miRBaseMiner for exploring miRBase annotation. We demonstrate the value of the tool by performing a comprehensive investigation of miRBase annotation. By considering changes in annotation from version 9.2 to the latest version 22 we are able to provide an overview of how the resource has evolved and how specific annotation characteristics should be considered when applying the information to experimental or analytical studies. We started with v9.2 as this annotation is the basis of the commercially available Miltenyi miRXplore Universal Reference set commonly used for spike-in studies. We also considered the representation of all species in miRBase but we focused on human and mouse entries for some aspects of this study as they have significantly more annotation compared to any other species. Our results indicate that the annotation should be reviewed before applying miRNA profiling studies and a curated annotation set could often be appropriate. In particular, users should be aware that some entries do not have coordinates, or share the same sequence with other entries. These are not annotation errors, but failing to take them into account can confound analysis of expression data in NGS studies. For example, entries missing coordinates would not be considered in approaches that map reads to a reference genome; for entries with identical sequence, the user should consider how reads will be mapped and counted by specific mapping tools and counting methods [70, 79] .
As miRBase has evolved, as well as the addition of newly identified miRNAs and hairpin precursors, some entries were removed, or the sequence coordinates or miRBase name was modified. These changes can make it difficult to compare results using different miRBase releases. For example, the Applied Biosystems miRNA GeneChip uses releases 15, 17 and 20 in versions 2.0, 3.0 and 4.0 of their chips, respectively. Also, as many NGS studies use the miRBase release that was most current at the time, care must be taken when comparing across studies and platforms.
In addition to investigating the evolution of miRBase, miRBaseMiner is also able to characterize entry features, which can assist the user when select analysis parameters. For example, miRNA lengths are often characterized as being from 19 to 26 nucleotides, and this information is sometimes used in a pre-filtering step either in library preparation to maximize reads or to avoid unnecessary read mapping [37, 35, 80] . However, given that (for example) human miRNA entries range from 16 nucleotides to 28 nucleotides, care should be taken using this approach. While miRNAs longer than 26 nucleotides are commonly dismissed as false positives, both high confidence annotation sets from miRBase as well as the highly conservative annotation generated by MirGeneDB support the presence of longer miRNAs. This is also highlighted in Table 1 , which shows variation in miRNA length range used by in different analyses. An additional observation was the presence of many entries with multiple adenosines at the 3ʹ end; for library preparation using poly(A) tailing, this may complicate the adapter trimming step. In such cases, detailed information from the manufacturers of regarding adapter trimming is needed to determine the impact on these entries. Again, none of these characteristics represent annotation errors, but they represent factors that should be considered in any analysis or experimental design.
True-positives and false-positives in miRBase
There have been many studies that have attempted to identify issues in miRBase annotation, one study estimated that as many as two-thirds of miRBase annotation are falsepositives [33] . However, there is no consensus among these studies regarding the definition of a false positive, leading to wildly differing estimates of their presence. The purpose of miRBaseMiner is not to predict incorrect entries, but rather to provide the miRBase user with the tools to perform their own analysis of the resource to determine the impact of changes in the annotation.
Nomenclature
As outlined in the introduction, miRBase handles most of these characteristics by using a clearly defined nomenclature. For example, the nomenclature can distinguish miRNA entries with the same mature sequence but different hairpin precursors, from miRBase entries with the same mature and hairpin precursor sequences, but the precursor sequence originating from a different genome location. To aid miRBase users, miRBaseMiner can parse the miRNA and hairpin precursors to generate lists of entries falling within each category. Importantly, it can also identify annotation errors. For example, there are five hairpin precursors named hsa-mir-3180-1 to hsa-mir-3180-5, which, according to the nomenclature will each generate a miRNA with identical sequence. However, miRBaseMiner reveals that only three of the hairpin precursors generate a mature product from the −5p arm ( Supplementary Figure 10) .
Mirna targeting miRBase provides predicted targets for a miRNA entry via links to miRDB [81, 82] , TargetMiner [83] and TargetScan [84] . However, because these are static links into the respective databases, it is not apparent to which database release the link is pointing. For example, in miRBase 22, miRDB links currently point to entries based on miRBase v21 [81] , TargetMiner links point to entries bases on the older (i.e. 2007) miRBase release [83] , and TargetScan links point to entries bases on miRBase release 21 [84] . Thus, the miRBase entry for hsa-mir-324/MI0000813 contains links to predicted targets for hsa-miR-324-3p/MIMAT0000762 but the sequence was updated in release 22, adding three Cs at the 5 prime end, modifying the seed region and consequently the set of targets. None of the hard links in miRBase reflect this update. In addition to inconsistencies between miRNA annotation in the current miRBase and the link to predicted target profiles in targeting repositories, TargetScan links in miRBase v22 point to TargetScan release 7.1, which has been superseded by release 7.2. This can also lead to notable differences. For example, hsa-miR-135a-5p/MIMAT0000428 has 843 transcripts containing 941 conserved sites and 321 poorly conserved sites in TargetScan release 7.1, but 715 transcripts containing 803 conserved sites and 293 poorly conserved sites in TargetScan release 7.2. Maintaining links to other databases is a common challenge that is faced by almost every database but we mention it here to remind users to check version information when using these target links.
Similar miRNAs, reverse complementary and mapping issues miRBase allows the user to identify miRNAs sharing similar sequences via the nomenclature. However, while this identifies the similarity in miRNA families it cannot capture the relationship between entries outside these families sharing sequence similarity. Generating network graphs based on Levenshtein distance (Figure 3 (c,d) ) provides a way to visualize these relationships and identifies clusters of highly similar miRNAs. In reality, the situation is even more complicated as the presence of isomiRs (not shown in the figure) will generate larger and more complex networks.
Understanding the topology of these networks is important as allowing mismatches during the mapping step will render miRNAs within the same Levenshtein network indistinguishable [85, 86] . Thus, the choice reference source and mapping method need to be carefully considered; for example, when mapping to a reference genome, the impact of alignment settings, such as number of mismatches, can alter read counts on features. Entries sharing reverse complementary should also be considered when mapping to a reference genome as they represent duplicate mapping locations. One solution for miRNA or miRNA precursors is to perform the read mapping in two steps, in the first step mapping is to the forward strand, and in the second step, all remaining unmapped reads are mapped to the reverse strand (corresponding to thenorc andnofw flags in the bowtie mapping tool). An example is given in the Supplementary Materials. The issue of overlapping entries also occurs in hairpin precursor sequences and is a further point that users need to consider. Some advantages and disadvantages of using different reference types (i.e. genome, precursor sequence or miRNA sequence) are summarized in Supplementary Table 1 . While there is no standard recommendation for choosing a reference sequence, the table provides a guide based on the specific scientific question and highlights potential issues in mapping or result parsing that can affect the outcome.
Concluding comments
We conclude by emphasizing that the findings from our study are not intended in any way to be a criticism of miRBase or the approaches they use for annotation. Our goal is rather to provide a tool that can investigate miRBase annotation. In this way we can: (1) complement their efforts and attempt to make users aware that there may be consequences when a particular annotation is selected, i.e. the full entry set versus the high confidence set; (2) provide a pipeline that can be used to investigate the annotation and to characterize specific subsets (e.g. by species) in terms of different factors such as MFE, length distribution or degenerate (sequence) entries. (3) Allow the generation of custom GFF files based on filtering criteria using this pipeline.
Using miRBaseMiner, a user can compare annotation sets to investigate the stability of an analysis result (e.g. does a differentially expressed feature remain regardless of the annotation set, or is it sensitive to the choice of what is included in the annotation?). Thus, the user can achieve deeper insight into the consistency of an analysis result. Finally, to overcome the issues associated with name changes across different releases, we recommend that users provide miRNA name/accession number pair in their publication to avoid confusion. This could be in the form of a supplementary file listing all miRNA name/accession number pairs referenced in a manuscript and would be consistent with the MIBBI recommendations for data standards [87] .
Material and methods

Data retrieval and parsing
The full data for each version (from 9.2 to 22) of miRBase were downloaded via its ftp site. Full details of data parsing and processing are provided in the Supplementary Materials.
Levenshtein distance
To estimate the similarity within the human and mouse sets of miRNAs and hairpin precursors, we calculated the pairwise Levenshtein distance (edit distance) [68] between each two miRNAs. where a and b are two strings (corresponding to miRNA a and miRNA b respectively) and lev a,b (i,j) is the distance between the first i characters (i.e. nucleotides) and 1 a i Þb j is the Indicator function, equal to 0 when a i = b j and equal to 1 otherwise.
Analysis pipeline
To systematically investigate miRNA and hairpin precursor annotation in miRBase releases, a pipeline (miRBaseMiner) was developed in Python. miRBaseMiner can analyse the full set of releases for all species, or the user can specify a subset of releases and species; if necessary, miRBaseMiner will download the required datasets from the miRBase FTP site. The data are then scanned to generate basic statistics for the specified releases and species. These include characteristics such as sequence length, GC content and MFE distributions. miRBaseMiner can also provide detailed analysis of specific characteristics of the miRNA and hairpin precursor entries content across releases. These comprise: (1) basic features within a release including sequence length and number of annotated entries; (2) estimated minimum free energy distribution; (3) tri-nucleotide composition pattern at both ends of the sequence and 3ʹ Poly(A) tail analysis; (4) sequence similarity; (5) reverse complementary; (6) annotated genome coordinates. miRBaseMiner will use miRBase information whenever possible (e.g. GC content and MFE index). If this information is not available, then it will be calculated. A schematic of the workflow of miRBaseMiner is shown in Figure 4 Results for each characterization are written to a separate file and visualized using the R programming language (v3.5). miRBaseMiner can also generate a set of curated miRNA annotation entries based on user-defined filters obtain annotation that is best suited to the research question. For example, miRNA discovery and isomiR analysis face different challenges and will benefit from distinct annotation sets (Supplementary Table 1 ).
The software is available at: https://github.com/joey0214/ miRBaseMiner
